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Abstract
Introduction This case study explores the gains in hand function in an individual with a chronic spinal cord injury (SCI).
The intervention was long-term paired associative simulation (PAS). We aimed to provide PAS until full recovery of hand
muscle strength occurred, or until improvements ceased.
Case presentation A 46-year-old man with traumatic C7 AIS B tetraplegia was administered PAS three times per week.
After 24 weeks, PAS was combined with concomitant motor training of the remaining weak hand muscles. Outcome
measures included the manual muscle test (MMT), motor-evoked potentials (MEPs), F-responses, hand functional tests, and
the spinal cord independence measure (SCIM).
Discussion After 47 weeks of PAS the subject had improved self-care and indoor mobility and was able to perform complex
motor tasks (SCIM score improved from 40 to 56). His left hand regained maximum MMT score (total 75; increase of score
from baseline condition 19); the effect remained stable in the 32-week follow up. In the right-hand muscles, MMT scores of
4–5 were observed in follow up (total 71; increase from baseline 48). Improved values were also observed in other
outcomes. This is the ﬁrst demonstration of long-term PAS restoring muscle strength corresponding to MMT scores of 4–5
in an individual with chronic SCI. The effect persisted for several months, indicating that PAS induces stable plastic changes
in the corticospinal pathway.
Introduction
Spontaneous or therapy-induced recovery after spinal cord
injury (SCI) depends on the number of spared and restored
neural connections. A large proportion of individuals with
SCI retain residual connectivity [1]. This residual con-
nectivity is the main target for numerous experimental
approaches attempting to restore signal transmission in the
corticospinal tract and gain motor control over paralyzed
muscles [2–4].
In paired associative simulation (PAS), descending
neuronal volleys induced by transcranial magnetic stimu-
lation (TMS) of the motor cortex are timed to coincide at the
cortical [5] or spinal level [6, 7] with antidromic volleys
elicited by peripheral nerve electrical stimulation (PNS).
Continuous pairing of pre- and postsynaptic inputs can
change synaptic efﬁcacy [8]. A number of in vivo studies
suggest that pre-postsynaptic stimulation is important in
reinforcing residual corticospinal connectivity and promot-
ing recovery [9–11]. PAS can produce long-term potentia-
tion (LTP)-like plasticity that appears immediately after
PAS and persists for several hours in the corticospinal tract
[7, 8]. These transitory neuroplastic changes occur in
healthy people [8] and in individuals with stroke [12] and
SCI [13, 14].
A novel PAS protocol with a high-frequency peripheral
component [6, 15] produces a robust potentiation of motor-
evoked potentials (MEPs). It restored some voluntary
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movements in several individuals with chronic traumatic
and disease-induced para- and tetraplegia [16–18].
This case study explores the gains in hand function in an
individual with a chronic SCI (SCI). The intervention was
long-term PAS. We aimed to provide PAS until full
recovery of hand muscle strength occurred, or until
improvements ceased.
Case presentation
A 46-year-old male with an incomplete tetraplegia (AIS B,
neurological level C7), 5 years post injury consented to
participate. The study was approved by the Ethics Com-
mittee of the Hospital District of Helsinki and Uusimaa.
Conventional rehabilitation, including weekly physical
therapy for 1–2 h, occupational therapy for 1 h, and pool
therapy for 1–2 h, was maintained during the PAS and was
the same as before the intervention. His muscle strength had
remained stable prior to PAS (Supplementary Table 1A).
Mean ± SD spontaneous changes of manual muscle test
(MMT) score in the 17 months preceding PAS were 0.67 ±
0.52 (right hand) and 0.17 ± 1.17 (left hand). Pinch strength
values were 0.57 ± 0.32 kg (right hand) and 0.27 ± 0.63 kg
(left hand) in the 12 months preceding PAS (Supplementary
Table 1B). Medication is presented in Supplementary
Table 1C.
Navigated TMS (nTMS) of the motor cortex was deliv-
ered by a NBS 4.3 stimulator (Nexstim Ltd., Helsinki,
Finland) with a ﬁgure-of-eight coil (outer diameter 70 mm,
biphasic pulse). Structural T1-weighted MRI for nTMS was
obtained with a 3T Siemens Verio scanner (Siemens
Healthcare, Erlangen, Germany). The nTMS system enables
accurate, reproducible stimulation [19] of selected cortical
sites, the “hotspots” (Fig. 1a), where MEPs are most readily
elicited from the selected muscles [17]. The hotspots were
deﬁned for abductor pollicis brevis (APB), abductor digiti
minimi (ADM), and brachioradialis (BR) muscles in both
hands as in our previous studies [17].
PNS was delivered using a Dantec Keypoint electro-
neuromyography device (Natus Medical Inc., Pleasanton,
CA, USA) and surface electrodes (Fig. 1b). The nerves were
stimulated as in our previous studies [17]. Initially, PNS
stimuli were 50-Hz trains (1-ms square pulses, 6 pulses per
train, train duration 100 ms). From week 30 onwards, 100-
Hz trains (train duration 50 ms) were used as they were
experimentally proven to be more efﬁcient for MEP
potentiation in healthy subjects [20].
For PAS (Fig. 1), nTMS (single-pulse, 0.2 Hz, 100%
MSO) of the selected hotspots was synchronized with the
ﬁrst pulse of the PNS train given to the corresponding
contralateral nerve [17]. The interstimulus interval for each
pair was calculated using individual parameters (Table 1)
[6]. The subject was seated comfortably during PAS. One
Fig. 1 a Stimulation setup for long-term PAS therapy, b, c stimulation
sites, and d basic principle of PAS. The upper motor neurons in the left
primary motor cortex were stimulated with the TMS coil placed over
the subject’s head (marked with blue squares). The electric ﬁeld and a
stimulated hotspot in the brain were visualized online using a 3D MRI-
based model (b) that ensures accuracy and repeatability of stimulation.
c High-frequency electrical stimulation was delivered to a peripheral
nerve of the contralateral hand (marked with green squares). d The
interstimulus interval was adjusted for collision of multiple descending
volleys propagating along the upper motor neurons within the corti-
cospinal tract (dark blue line) and ascending volleys travelling along
the lower motor neurons within the peripheral nerve (yellow line) at
the level of their synaptic contacts (red circle) in the cervical segment
of the spinal cord (shown in enlarged form in d)
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session consisted of PAS of 3–6 hotspot-nerve pairs given
in pseudo-random order of 1.5–3 h duration in total (20 min
per nerve plus time for preparations, Fig. 1).
The hand motor training (MT) combined with the PAS
(PAS-MT) was aimed at increasing muscle strength in those
muscles where MMT scores remained 2 or less after
24 weeks of the intervention. Three weak muscles in the
right hand were trained with motor tasks (thumb palmar
abduction for APB; spreading ﬁngers for dorsal interossei;
and thumb radial abduction for abductor pollicis longus)
simultaneously with the corresponding PAS. AR manually
assisted the subject in ﬁnger movements.
The intervention of 56 weeks included 47 weeks of PAS
and 1–2-week breaks without stimulations (Fig. 2). PAS to
a hotspot-nerve pair was stopped when strength and range
of motion of all muscles innervated by this nerve reached an
MMT score of 4–5. All left-hand muscles reached this level
at week 28; only the right hand was stimulated thereafter. At
subject’s request, PAS of the left median nerve and the
associated motor task were reinitiated at week 40 to enable
more ﬂuent grasp movements. The follow-up period started
when the MMT scores of all evaluated muscles of both
hands reached level 4 or 5 and was continued for 32 weeks.
All tests were performed immediately prior to the study,
during the intervention, and follow up.
Outcome measures in both hands included MMT (total
scores for all evaluated muscles and partial scores of the
muscles innervated by each of the stimulated nerves) [21]
and the modiﬁed Ashworth scale (MAS, spasticity in wrist
and elbow) evaluated by a physiotherapist specialized in
SCI and blinded to the intervention changes and results of
previous evaluations. In addition, we collected sensory
scores of the American Spinal Injury Association impair-
ment scale (AIS); grip strength assessed with the adjustable-
handle Jamar dynamometer (Asimov Engineering Co., MA,
USA); tip, key, and palmar pinch assessed with the pinch
gauge (B&L Engineering, CA, USA); the spinal cord
independence measure (SCIM); the box and block (BB)
test; the nine hole peg test (NHPT); and MEPs and F-
responses recorded from APB, ADM, and BR [17]. For the
MMT, only muscles that scored <5 in the ﬁrst assessment
were selected for further evaluation (Supplementary Table 2
parts 1, 2). The subject reported subjective functional
changes.
The total and partial MMT scores were improved in both
hands (Fig. 3 and Supplementary Table 2 parts 1, 2). In
total, the left hand regained 19 points and the right hand 48
points during the intervention. The scores reached the
maximum level in the left hand after 47 weeks and
remained stable in follow up. MMT scores of level 4 or 5 in
the right-hand muscles were obtained in follow up. MMT
scores were improved further during the PAS-MT, parti-
cularly in the right hand (Supplementary Table 2 part 1).
AIS sensory scores did not differ (Supplementary Table 3).
Spasticity assessed with MAS remained 0 at all times.
Increased grip and pinch strengths were observed in both
hands already after 8–20 weeks of PAS. Remarkably, all
tested pinch strength types were increased (Supplementary
Table 4). In the right hand, grip and pinch strength
increased during the ﬁrst 8–20 PAS weeks and stabilized
thereafter. In the left hand, the increase in pinch strength
stabilized after 25 weeks of PAS. Grip strength increased in
Table 1 Stimulation parameters and patient instructions
Side Nerve PNS F (ms) MEP (ms) ISI (ms) Instructions
Weeks 1–13 (mA) Weeks 14–47 (mA)
Right Median 6.6 6 30.9 34.0 −3 Pull thumb, index, and middle ﬁnger together before
a TMS pulse and relax them after the pulse
Ulnar 12.1 11 32.1 28.0 4 Bend IV–V ﬁngers before the pulse and relax after
the pulse (10 min), spread all ﬁngers (10 min)
Radial 16.5 12 20.3 16.9 3 Imagine opening the palm
Left Median 11 10 20.3 24.7 −4 Imagine pulling thumb, index, and middle ﬁnger
together
Ulnar 14.3 13 30.6 27.8 3 Imagine bending IV–V ﬁngers (10 min) or spreading
all ﬁngers (10 min)
Radial 33 15 21.6 18.0 4 Imagine opening the palm
PNS, 110% of minimum stimulus intensity that produced visually distinguishable F-response; F, minimum F-wave latency; MEP, mean MEP
latency. ISI was calculated by subtracting MEP from F (see [6] for details). If ISI is a positive value then in each stimulus pair PNS preceded TMS;
if the value is negative, PNS and TMS pulses were given in opposite order. Right median and ulnar nerve stimulation were coupled with hand
activation instead of imagery since RMT at initial motor cortex mapping was over 100%. PNS intensity for ulnar and median nerves in both hands
was decreased by 10% after 13 weeks of stimulation. At the same time, PNS intensity for the right radial nerve was reduced to 12 mA and for left
radial nerve to 15 mA according to new values obtained after new F-response measurement. These intensities were used for the remainder of
stimulations. F latency and MEP latency values were obtained prior to the intervention. PAS of the right radial nerve and all stimulated nerves in
the left hand was coupled with motor imagery. Right median and ulnar nerve PAS was coupled with muscle activation instead of imagery since
RMT at initial motor mapping was over 100%
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the right hand by 4.5 kg and in the left hand by 3.3 kg (Fig.
4). Pinch strength increased in the right hand by 3.0 kg and
in the left hand by 2.6 kg, (Supplementary Table 4). PAS-
MT further increased pinch strength. Pinch strength
decreased towards the level observed before PAS-MT
administration in follow up. Results of the BB test increased
from 45/68 (right hand/left hand) blocks to 52/75 blocks.
By the end of the intervention, the NHPT time decreased by
31 s in the left and by 32 s in the right hand (Supplementary
Table 5) and remained stable during follow up in the left
hand (see Supplementary Video 1). The subject’s self-care
and indoor and outdoor mobility increased during the PAS
and improved further during follow up. His SCIM self-care
score increased from 3 to 13 and SCIM indoor mobility
from 6 to 10 (Fig. 5). Respiration and sphincter manage-
ment did not change. Before PAS, the subject needed total
or partial assistance in eating, bathing, dressing, and
grooming. During follow up, he could perform these tasks
independently and without adaptive devices. In total, the
subject’s SCIM score increased from 40 to 56 (Supple-
mentary Table 6). He enhanced his coherent motor control
after 8 weeks of PAS (see Supplementary Videos 2 and 3),
and reported numerous improvements in both hands during
follow up (Table 2). He regained the ability to perform
various complex ﬁne motor tasks without external help.
Before intervention, the subject had pain and uncomfortable
tingling that decreased or completely disappeared during the
intervention and follow-up (Supplementary Table 7).
Fig. 2 Time course of the
intervention
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The PAS potentiated MEPs in ﬁve out of six targeted
muscles (Fig. 6). The overall effect differed slightly
between the right and left hands. In all six muscles, the
MEP amplitudes in both hands increased on average by
324% after 16 weeks of follow up when compared with the
corresponding values obtained prior to PAS. Before treat-
ment it was not possible to elicit MEPs from the right ADM
even with muscle preactivation. MEPs were detected after
42 weeks of stimulation and remained stable during follow
up. In the left ADM, small MEPs were elicited before PAS.
Their amplitudes increased during PAS and follow up.
Although the changes were variable, the total amplitude
increase was systematic when the ﬁrst and last MEP
recordings were compared (Fig. 6). The minimum F-
response latencies (F min) in the right hand decreased after
PAS from 32 to 25 ms (23%) for the ulnar nerve and from
31 to 28 ms (9%) for the median nerve. No response was
found with the left median nerve before intervention but
was obtained during follow up (F min= 33 ms). F-min
latency in the left ulnar nerve (31 ms) did not change.
F-responses to the radial nerve stimulation in both hands
were inconsistent. No amplitude changes were observed.
Table 2 Motor improvements
Hand Movement Before After
Right Grasp Only supporting function; could not be
used independently
Can grasp objects and hold them in the
hand in a stable manner
Right Pressing buttons/switches Unable to press different buttons and
switches, e.g. toilet ﬂush button
Able to press buttons/switches with ease
Left Twirl Could not twirl objects Can twirl in the left hand
Both Grasp, pinch Could not do proper grasps with either
right or left hand. Movement not
coordinated; help needed in ﬁne
motor tasks
Can take books from the shelf and browse
them, hold a paper sheet, and use different
machines and devices (with small buttons
or switches)
Pressing buttons/switches, sliding Could hold cell phone in the right hand
and tap with the left hand
Can use cell phone and computer in a
more versatile way with either the right or
left hand
Opening shirt buttons Several minutes needed to unbutton a
shirt; sometimes not possible altogether
Can open collar buttons in tens of seconds
Wearing mittens Could not put on mittens independently Able to put on mittens
Writing Had to lift arms and elbows when typing
due to ﬁnger weakness; strong pain in the
neck and right shoulder and sometimes in
the left shoulder associated with typing
The need to lift forearms gradually
disappeared and was associated with
ameliorated pain; typing speed increased
and ability to work improved
Fig. 3 Manual muscle test (MMT) score measured before intervention,
and at the end of follow up in the left (a) and right (b) hand (full MMT
data is shown in Supplementary Table 2 parts 1, 2). Y-axis depicts the
MMT score (the highest possible MMT score for all muscles evaluated
is 75). Solid black line and spheres indicate the sum of MMT score
calculated for all evaluated muscles. Solid grey line and squares
indicate the sum of MMT score for the muscles innervated by median
nerve, ulnar nerve values are indicated by dotted line and triangles, and
radial nerve values by dashed line and diamonds (see Supplementary
Table 2 parts 1, 2)
Fig. 4 Changes in hand strength between pre-intervention and the end
of the follow-up period. a The sum of tip, key, and palmar pinch tests
results in the right (red) and left (blue) hand. b Grip tests in both hands
(red, right hand; blue, left hand). Y-axis represents weight in kg. See
Supplementary Table 4 for full pinch tests results
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Around week 12, during PAS of the right radial nerve the
subject reported a sensation in both legs resembling elec-
trical stimulation, leg spasticity, and spasticity-related leg
pain. A simultaneous urinary tract infection unrelated to
stimulation was detected and treated. Psychological stress
unrelated to stimulation occurred simultaneously. The PAS
was interrupted for 2 weeks and the subject increased pain
medication. After that he reported a decrease in spasticity
and pain. The subject’s position in the chair was adjusted to
increase comfort, and PNS intensity was slightly decreased
(Table 1). During weeks 16–19 these symptoms gradually
disappeared. No other adverse effects were reported.
Discussion
Neuromodulation, in combination with intensive rehabili-
tation, is increasingly applied in human SCI research.
Spared corticospinal connectivity can be utilized to restore
function after SCI [4, 16–18, 22–26]. We show for the ﬁrst
time that a person with chronic tetraplegia can regain nor-
mal hand MMT scores by means of long-term PAS. The
effects were clearly more profound than ﬂuctuations of
muscle strength observed prior to the intervention, exclud-
ing spontaneous recovery (Supplementary Table 1, Fig. 4).
The ﬁndings are consistent with our previous studies
[16–18], where shorter treatment periods were used. Here
we reveal a more profound and persistent improvement that
continued for several months after PAS.
We observed an increase in gross hand function and an
enhanced performance of each individual muscle and
notable improvements in SCIM. PAS plausibly strengthens
residual connectivity in the hand motor pathways [6, 15]; the
Fig. 5 Spinal cord independence measure (SCIM) scores (Y-axis)
before intervention and at the end of follow up. Black bars indicate
self-care, bars with diagonal lines indicate mobility (room and toilet),
white bars indicate mobility (indoors and outdoors) subscales, and
black line depicts change in total SCIM scores. See Supplementary
Table 6 for details
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more versatile use of hands in daily life associated with this
change further improves motor capability during and beyond
the PAS period. As PAS affects the peripheral nerves, spinal
cord, and motor cortex, it can modulate excitability in the
descending pathways connected to the selected muscles even
if natural signal transmission across these pathways is
insufﬁcient for eliciting movement. Activation of these
precisely deﬁned cortex–nerve pairs might be particularly
beneﬁcial in hand rehabilitation, where obtaining separated
ﬁne-ﬁnger movements is essential. Moreover, since incom-
plete SCI is often asymmetric and deﬁcits can be unilateral,
it may be clinically meaningful to focus only on the con-
nections injured most extensively.
PAS does not require stimulation to be switched on
during movement and hence does not interfere with pro-
prioceptive pathways during motor rehabilitation. The per-
ipheral component of PAS induces antidromic activation of
lower motor neurons and also activates orthodromic path-
ways that mediate proprioceptive feedback. Recruitment of
afferent ﬁbres conveying proprioceptive information is
thought to be imperative for neuromodulatory techniques,
such as epidural and transspinal electrical stimulation, to
increase the excitability of the residual spinal pathways.
However, neuromodulation should avoid interfering with
the natural proprioceptive feedback elicited by movements
during motor rehabilitation [27].
In our previous study, the subject in this study had
undergone a shorter intervention (Fig. 2) [16]. The positive
results of this short PAS intervention were not comparable
to the more extensive improvement from this longer PAS
administration. Our study is limited to results of one subject
only. A larger sample with a longer duration of the inter-
vention would be required to demonstrate the efﬁcacy of
this intervention.
This study is the ﬁrst to demonstrate that normal strength
and range of movement of individual hand muscles can be
recovered by means of long-term PAS in a subject with a
chronic incomplete tetraplegia. We also show for the ﬁrst
time a sustained improvement in SCIM scores by PAS.
The TMS and PNS equipment is available in many
hospitals and laboratories around the world. The measure-
ments needed prior to PAS employ basic neurophysiologi-
cal methods. Patients with less severe injuries plausibly
need shorter stimulation times than our subject. Our PAS
protocol does not require precise adjustment of the interval
between TMS and PNS [15], or precise mapping of the
cortex [20]; the protocol is thus feasible in clinical settings.
PAS is non-invasive. Our results justify further investiga-
tion and development of long-term PAS protocols for the
rehabilitation of individuals with SCI at chronic and sub-
acute stages.
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